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LIST OF SYMBOLS

A amplitude of initial imperfections in boron layers

B change in amplitude of initial imperfections due to load

DB flexural stiffness of boron layers

d density

E Young's modulus of elasticity

E effective value of Young's modulus of elasticity

F factor expressing efficiency of structural geometry

GM shearing modulus of matrix material

I general symbol for structural loading index

K ratio of effective to actual modulus of boron layer

kM foundation modulus provided by matrix

M moment acting on boron layer per unit width

N inplane compressive force per unit width

n exponent in efficiency equation (5)

r ratio of structural weights, densities, moduli or
thicknesses - see Subscripts

t thickness of constituent layers of composite

v shearing force per unit width (see Figure 13)

X coordinates axis

Y coordinate axis; total lateral deflection of boron layer

Y, initial lateral deflection of boron layer

yl change in amplitude of deflection of boron layer due
to load
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Al

Be

CR

Mg

ratio of applied load or stress to its critical wvalue

shearing strain of matrix

end shortening of boron layer per wavelength
wavelength of initial imperfections

wavelength to minimize critical wrinkling load
Poisson's ratio of boron layers

Poisson's ratio of matrix layers

stress in the planes of the composite layers
direct stress acting on matrix

shearing stress acting on matrix

see Equation (A38)

see Equation (A37)
SUBSCRIPTS

shortening due to amplitude A

aluminum

boron or shortening due to amplitude B
beryllium

composite

critical value

density (used only with r)

modulus (used only with r)

matrix

magnesium

iv



S shear, or shearing mode

T total (used only with §)

t thickness (used only with r)

w wrinkling or symmetric mode of instability

NOTE: Symbols that always appear with a certain subscript

are included in the list of symbols and their sub-
script may not be included here.



INTRODUCTION AND SUMMARY

A composite film of polyimide with boron vacuum-deposited
on one side has become available for development as a structural
material. The composite f£ilm is manufactured by National Research
Corporation. The polyimide layer (DuPont H-film) is approximately
0.5 mil thick, and the boron layer is approximately 0.16 mil thick.
The objective of the present investigation has been to evaluate
the fabricability, mechanical properties, and structural effi-
ciency potentials of this material for structural composites.

Hollow tubular test specimens were readily fabricated by
wrapping the composite film over mandrels and bonding layers to-
gether with epoxy adhesive. These specimens were then tested under
axial and bending loads to determine their stiffness and strength.
The test results showed that the effective Young's modulusg of the
boron layers of the composite was approximately 47.3 x 10~ psi;
the compressive stress developed in the boron layers was approxXi-—
mately 102 000 psi; and the maximum tensile stress to which those
layers were subjected was in the vicinity of 82 000 psi. Because
the boron layers constituted about 13 percent of the volume of the
composite specimens, the composite stiffness and strength were much
less than those of the boron. The polyimide and adhesive contri-
buted low density to the composite properties, but little stiffness
or strength.

The mechanical properties exhibited by the boron layers of
the film were thus found to be somewhat deficient relative to
properties which have been attained, for example, by boron fila-
ments. However, these properties can probably be improved in
further development of the process by which the composite is made,
because local waviness of the layers appears to account for the
deficiencies.

The most important attribute of this form of composite material
is that it is bidirectional, in contrast to filaments, which are
unidirectional. Because of this, the weight of a film composite
material which provides isotropic inplane stiffness, is about
60% of that of an equivalent filament-reinforced composite to pro-
vide the same stiffness. Structural efficiency analyses per-
formed in this investigation showed that the potential weight
savings offered by this bidirectional attribute can be significant
for applications such as facings for sandwich cylinders and plates
subjected to inplane compression, where biaxial stiffness benefits
structural stability. These analyses also establish the proper
proportions between the boron and supporting f£ilm to achieve mini-
mum weight where elastic structural stability governs the composites'



design. It has been shown that for some applications the theoreti-
cally best proportions can be other than solid boron since the
polyimide (or other supporting film) is less dense than boron.
Generally optimum or efficient proportions call for less polyimide
than was present in the film used in this investigation, It is
therefore apparent that layered film composites offer significant
gains in structural efficiency. This material also appears to be
inherently well suited for fabricating developable shapes which may
lead to economic advantages in addition to weight savings.

FABRICATION OF TUBULAR TEST SPECIMENS

The polyimide layers in the composite film investigated here
are manufactured by E. I. DuPont de Nemours Co., Inc. under the
trade name "Kapton" (Ref. 1). Kapton is synthesized by a polycon-
densation reaction between an aromatic tetrabasic acid and an aro-
matic amine. The boron layers are vacuum deposited on one side
of the polyimide film by National Research Corporation.

Three tubular specimens were fabricated from boron-polyimide film
by the method shown schematically in Figure 1. The wall thickness
of the specimens consisted of five layers of the film plus an epoxy
adhesive used to bond the layers together. After applying the
adhesive to the film and wrapping it around a mandrel as indicated
in Figure 1, a polyvinyl acetate tape was spirally wrapped over
the specimens to press excessive adhesive from between the layers.
The specimens were then oven cured at 100°C for six hours. Two of
the specimens so fabricated had fairly uniform thicknesses, 43 per-
cent of which was the adhesive. The film used in the third speci-
men became wrinkled and contained an excessive amount of adhesive
(approximately 67 percent). Dimensions and composite densities
of the specimens are summarized in Table I.

TABLE I - DIMENSIONS AND DENSITIES OF SPECIMENS
Speci- Length Ayerage AveFage Boron PI* Epoxy Comp.
men No (in.) Diameter  Thick. 3 Volume Volume Adhes Densit
(in.) (in x 107) (6) (%) (%) (1b/in?)
1 6.14 0.516 6.40 12.5 43.0 44,5 0.0527
2 8.43 0.520 10.71 7.5 25.8 66.7 0.0489
3 8.25 0.330 6.16 13.0 44.6 42 .4 0.0529

*PI - Polyimide
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Figure 1 Schematic of Method Used to Fabricate Boron- Polyimide
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The average thicknesses, volume percentages, and composite
densities listed in Table I were calculated using the total weights
and overall dimensions of the specimens, the average thicknesses
of their boron and polyimide layers (as measured from photomicro-
graphs of the specimens) and the nominal densities of the consti-
tuents listed in Table II.

TABLE II - DIMENSIONS AND PROPERTIES OF CONSTITUENTS

Single Layer

Constituent ?i;jiz ) Thicknesg Yﬁ;g?'i ?gf%i“s
j (in. x 107)

Boron 0.090 0.16 60.0

Polyimide 0.051 0.55 0.5

Epoxy 0.043 (see Table I) 0.5

Photomicrographs of sections of Specimen 1 are shown in Fig-
ures 2(a) through 2(d). The thicknesses of the boron and polyimide
layers given in Table II are average values of filar micrometer
measurements of the sections shown in Figure 2. It may be seen
from these sections, particularly Figure 2(c), that the thickness
of the boron and polyimide layers is quite uniform. Some breaks
in the boron are observed in the longitudinal sections, but they
are not extensive. However, Figure 2(d), the circumferential sec-
tion, shows that very extensive cracks exist in that direction,
which perhaps created voids in the composite. By comparing the
two longitudinal sections of Figures 2(a) and 2(b), it is observed
that the epoxy adhesive layers are not of uniform thickness, and
waviness of the layers exists in some sections of the specimen
but not in others.

TEST PROCEDURES AND RESULTS

The test specimens, with their steel end fittings, are shown
in Figure 3. Each of the three specimens was subjected to axial
compression tests and then to flexural tests.

Axial compression tests were performed with the hydraulic
testing apparatus shown in Figure 4. The loads were applied
through spherical steel balls which were placed between the speci-
men seats in the specimen end fittings and the loading heads.
Thus, eccentricity of loading was minimized. Both head travel and
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Figure 2(a). Longitudinal Section of Composite,
Specimen 1, Position 1

Figure 2(b). Longitudinal Section of Composite
Specimen 1, Position 2



Figure 2(c) Enlargement of Longitudinal Section

Figure 2(d) Circumferential Section of Composite



Specimen 2

Specimen 3

INCHES
T T T —— T 1 1 ‘
e 1 1 = 4 5 & 7
Figure 3. Finished Test Specimens with

End Fittings

Figure 4. Apparatus and Specimen Ready
for Axial Compression Test
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lateral deflection of the specimen were monitored during loading.
The specimens were loaded until they failed, as shown in Figure 5.

Table III shows the failure load of each specimen and the
types of failure.

TABLE IIT - AXTAL COMPRESSION TEST RESULTS

Specimen Failure Load ' )

Number 1bs. - S ) ?ZP? ofm?ailure -
1 175 Local buckling at one-third length
2 134 Wrinkling near end fitting
3 111 Lateral deflection of specimen

followed by tensile fracture

After the axial compression tests were performed, the un-
damaged portions of the specimens were tested in flexure as shown
in Figure 6. The objective of this set of tests was to determine
the moduli of elasticity of the specimens as exhibited in flexure,
for comparison with their moduli as exhibited in the axial com-
pression tests. The composite moduli of elasticity derived from
the results of both sets of tests are given in Table IV. These
moduli are based on the load-deformation measurements and the
average thicknesses listed in Table I. The values of predicted
moduli that also appear in Table IV were calculated by using in
the rule of mixtures, the volume percentages of the constituents
given in Table I and the constituent moduli given in Table II.

TABLE IV - MEASURED AND PREDICTED VALUES OF COMPOSITE MODULI

éomg@éiféwﬁbgulus;iégi x_lOﬁ?)__i

Sﬁecgmin Axial Comp. Flexﬁfal Predicted
umoe Tests  Tests _ _ Moduli

1 5.57 6.61 7.95

5 2.39 4.30 4.93

3 7.40 6.09 8.22




Specimen 2

Specimen 1

Cluomasy.

Specimen 3

Figure 5. Test Specimens After Failure Due
to Axial Compression

Figure 6. Apparatus and Specimen Ready
for Flexure Test



The specimens were not loaded to failure in the flexure tests;:
however, Specimens No. 1 and 3 were fiexed until a slight amount
of nonlinearity began to develop in their load-deflection character-
istics. Maximum composite stresses developed in the flexure tests
are listed in Table V, along with the maximum stresses in the
axial load tests. Stresses shown for the flexure tests are based
on the applied moments and the section dimensions of Table I.

TABLE V - MAXIMUM COMPOSITE STRESSES

Maximum Stress (ksi)

Specimen

Number Flexure Tests Compression Tests
1 13.6 17.1
2 —-——— 7.8
3 14.3 17.7

DISCUSSION AND ANALYSIS OF RESULTS

The average modulus of elasticity exhibited by Specimens 1
and 3 was 6.42 x 10° psi, and their average density was 0.528 pci.
The performance of Specimen 2 is not included in this discr- . _un
because the specimen was clearly defective. The predicted values
of the composite moduli for Specimens 1 and 3, given in Table 1V,
indicate that this average value of the measured modulus was
about 80 percent of the value it would have been if the boron had
developed a modulus of 60 x 10° psi. In fact, the average effec-
tive modulus of the boron in Specimens 1 and 3 was 47.3 x 10° psi
based on the test results shown in Table IV and averages of the
volume percentages of the constituents given in Table I.

The average value of the composite compression strength
developed by Specimens 1 and 3 was about 17.4 ksi. The strain at
failure was then approximately 2.16 x 1073. The corresponding
failure stress in the boron, using a modulus of 47.3 x 106 psi was
102 000 psi. The maximum tensile stress to which the specimens
were subjected in the flexure tests was approximately 82 000 psi.
Those tests were terminated at the onset of nonlinearity which
was probably the result of instability on the compressive sides.
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A possible cause of the apparent deficiency in the modulus
of the boron layers is that the density and physical state of de-
posited boron may be different f£rom that of filaments for which
moduli of approximately 60 x 106 psi have been developed. Addi-
tional crystallographic examination of the boron layers formed by
vacuum deposition on relatively cool surfaces may resolve this
question.

It also appears possible that waviness of the thin boron
layers could account for this deficiency. The effective modulus
of composites with initially wavy layers of boron imbedded between
and bonded to layers of another material is analyzed in the Appen-
dix. The analyses are for the two different types of waviness
shown in Figure 7. One case in Figure 7 shows the waviness of
adjacent layers to be symmetric about planes midway between them.
The amplitudes of the initial imperfections grow but remain symme-
tric as inplane loads are applied. The intermediate, softer layers
are strained in their thickness direction to accommodate the im-
perfection growth. These lateral displacements of the boron layers
result in additional inplane compliance and effectively lower the
composite modulus.

For the second case depicted in Figure 7, the initial wavi-
ness of adjacent layers is antisymmetric about midplanes; waves in
adjacent layers are inphase. 1In this case, the intermediate layers
undergo shear deformation as the wave amplitudes are increased by
end loading.

The apparent modulus for the symmetric case is derived in the
Appendix, Equation (AZ21);
-1

il
ft
+

(1)

wtzj |wtle

The symbols are defined in the List of Symbols.

For the antisymmetric case, the apparent modulus is obtained
from Equation (A36) as

11
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Figure 7. Geometry of Initially
Imperfect Composite
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In Reference 2, Schuerch shows that the critical composite
stress for buckling of initially straight layers in the symmetric

mode is
' -1 -1
= 2 E ‘/7_]5_:1!1. _1_:_]?. (1- 2) (1- 2)
SYM J3 ¢ E_ t ho:} Vi (3)

B M

e)
cCR

The solution obtained in the Appendix for the antisymmetric mode
differs from that of Reference 2 by the presence of the final fac-
tor on the right hand side of the following equation:

‘s Ev
aNTTI ~ °M <l+? L+% T (4)

Cc
R
¢ M B B

The average critical stresses for Specimens 1 and 3 are

c _ 3 .
CCR sym  — 354 x 107 psi
g 3 .
CCR ANTT — 227 x 10 psi

when the following nominal properties of Specimens 1 and 3 are used:

= ; - 6 : =
tB = 0.16 mil EM = 0.50 x 10~ psi vy = 0.33
. 6 3
t, = 1.10 1 = i ==
M mils EB 60 x 10 psi and GM 8 EM
6 . '
EC = 8.08 x 10 psi Vg = 0.25
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Since ‘these values of critical stresses are much greater than the
17 ksi stresses applied in the tests, the effects of loading para-
meters, a and s (see Appendix) have been neglected in Equations

(1) and (2) for purposes of examining the effects of waviness on
the apparent modulus at low stress levels. Accordingly, Figures
8 and 9 are graphs of Equations (1) and (2) showing values of
Eﬁ/q3for the symmetric and antisymmetric cases for the nominal

properties of Specimens 1 and 3. These graphs of Eﬁ/EB versus the
imperfection amplitude parameter, A/tB, and wavelength parameter,
X/tB, show that the observed deficiency in the boron modulus
(EE/EB = 0.79 for EB = 60 x lO6 psi) could have resulted from a

wide range of combinations of the two imperfection parameters.

Referring now to Figure 2, the photomicrograph of one of the
longitudinal sections shows no initial waviness large enough to
cause significant reduction in the boron's effective modulus. How-
ever, the other longitudinal section contains initial imperfections,
predominately antisymmetric, which would have reduced the effective
modulus to much less than that measured if it existed throughout
the specimen. For example, the second layer from the top in Figure
2(b) has an A/tB greater than 5 with X/tB equal to about 80. A

general waviness of that extent would cause severe reduction in
effective modulus. It must therefore be concluded that if the
parent modulus of the deposited boron is indeed 60 x 106 psi, then
the average waviness of the boron layers in the specimens was small -
somewhere between the two extremes shown in Figures 2(a) and (b) -
but sufficiently severe to cause the observed reduction in effective
modulus.

Consider next the ultimate compression strengths developed by
the specimens tested. The tensile failure of Specimen 3 during
its axial load test was clearly the result of excessive bending
that developed when it became unstable. Its predicted Euler load
is 74.6 1lbs., based on an effective length of 8.97 in. (distance
between centers of load spheres} and an elastic modulus of 7.40 x
10° psi. Friction in the spherical seats may account for the
failure load exceeding the Euler load.

The failure regions of Specimens 1 and 2 showed delamination
when inspected after the axial load tests. 1In fact, the failure
region of Specimen 2 consisted only of delaminations in the form
of outward wrinkles. The failure region of Specimen 1 was an in-
ward buckle with delamination in that area. Both of these speci-
mens failed at stresses well below those predicted for either local

14
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shell buckling, Euler buckling or the internal modes of failure
as predicted by Equations (3) and (4). It is therefore suspected
that delamination was the cause of failure for both Specimens 1
and 2.

Initial waviness of the boron layers could have caused direct
or shear stresses on the interfaces between the boron and epoxy
layers, which could then result in delamination. The maximum inter-
face tension stress that symmetric initial waviness would cause is
given in the Appendix by Equation (A25), and the maximum shearing
stress caused by antisymmetric waviness is given by Equation (A40).
Figure 10 shows the values of the tension and shear stresses for
the approximate load and properties of Specimen 1. In Figure 10,
the maximum tension and shear stresses are shown to vary signi-
ficantly with the waviness parameters, A/tB and X/tB. They are

greatest, for any given value of A/tB, when >\/tB is in the
range of 6 to 7. For a given value of X/tB, the stress increases

with increased wvalues of A/tB.

The interface strength of the present layered composites is
not known; however, strengths in the vicinity of 1 to 10 ksi would
appear reasonable. Figure 10 shows that the previously cited wavi-
ness from Figure 2(b), A/tB > 5 and X/tB = 80, would cause shear

stresses of 3.5 ksi - perhaps enough to result in delamination.

Initial imperfections in the vicinity of the failure regions
might have been large enough to produce shear or tension stresses
on the interfaces and cause delamination. Or, unbonded areas in
the specimens may have existed which propagated under load to
cause their general failure. Further investigation of these pos-
sibilities was not performed in this study, but would be appro-
priate in future development of this type of composite.

STRUCTURAL EFFICIENCY POTENTIALS

This assessment of potential structural efficiencies for
boron-polyimide composites is limited to applications in which
elastic structural stability governs design. These composites
have isotropic extensional and flexural stiffness in their plane.
Therefore, results of structural-efficiency studies that have been
made for both monocoque and built-up structures using homogeneous
materials, can be used in this assessment.

17
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R=r o N g

The general form of the structural efficiency equation for
columns, wide columns, compression panels, cylinders under axial
compression or hydrostatic pressure, or for box beams in bending
is (see Refs. 3, 4, and 5, for examples):

where W

and n

g Fr /0 (5)

is the structural weight per unit area, per unit length
or is referred to some other characteristic dimension
of the structure

is the structural material's density
is its Young's modulus

is a nondimensional quantity related to the geometric
proportions of the structure and its stiffening. This
quantity is minimized for a structure of optimum propor-
tions

is a structural loading index which expresses the load-
ing intensity

is a nondimensional exponent whose value is typically
between 1.67 and 3, see Ref. 5. Its value depends on
the type of structural function (e.g., column or cylin-
der) and the type of detailed construction (e.g., mono-
coque, stiffened or sandwich).

The density and Young's modulus of boron-polyimide composites
depend on their proportions in the composite as calculated by the
rule of mixtures;

. dy  tu
dc = t L+3 € (6)
M B B
b+g
B
KE E t
B 1 M M
E = S s ==
o t 1+ & % (7)
M B B
l+T:—
B
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The subscript B refers to boron and the subscript M refers to the
total matrix layer of polyimide film and epoxy adhesive between
adjacent boron layers. An average density, 0.045 pci, and an
average modulus of 0.5 x 10° psi are used for the matrix layers
in the present assessment. The factor K in Equation (7) is used
to express the fractional part of EB which is realized - that is,

K =

Eé
= (8)
EB

The ratio of the weight of a boron-polyimide-epoxy composite
structure to that of a reference structure of solid boron, each
designed to perform the same structural function (specified by I)
with geometric proportions of the same structural efficiency
(characterized by F), is found by Equation (5);

w d B

-C C B
w, © & <$:—> (%)
B

By substituting Equations (6) and (7) in (9) and using subscripted
r's to designate the ratios of weights, densities, thicknesses and
moduli (see list of symbols), the following formula for the weight
ratio is obtained:

(L +r_r,)
1 D 't B
rW - Kl/n n-1 1/n (10)
(1 + rt) n

+
(1 rE rt)

Lo er is
given by the solid lines in Figure 11 for the ideal case when K = 1,

r, = 0.5, and re = 0.00833 for three typical wvalues of n. When

K = 1, the boron layers develop their full potential modulus. The
dashed lines in Figure 11 show the weight ratio versus mixture
ratio for K = 0.80, rD = 0.5, and rE = 0.0104. These approximate

A graph of the weight ratio, versus the mixture ratio, «x

values of K, Ty and e have been realized for the composites

in this program.

The average value of rt for Specimens 1 and 3 was 6.85.

Figure 11 shows that, depending on the value of n for a particular
application, the present composite and mixture ratio could be used

20



13

1.8

1.6

1.4

lI2

0.8

; e ]
k=1, r)=0.5 r, = 0.00833 | -

——— k =0.80,,r, = 0.5, r, = 0.0104 A _

: 1.67 = n /

T // / j

' |

/"/ 1
{ ‘/

! -

/// : ~
J/ / ~
/I
Vd

P
yd .
7/ e
/ -
"4 /
/] /
4/ ,/ /
// // / | w— 7
a— -
a— /
’-/ /
f— cmm— ] el
//
— r, for Speci~ —»
mens 1 and 3
0 1 2 3 r 4 5 6 7
t
Figure 11. Ratio of Boron-Polyimide Composite Structural Weights to

Those of Solid Boron to Perform the Same Function




to produce a structure weighing from 1.18 to 2.1 times that of a
solid boron structure with EB = 60 x 106. The difference between

dashed and solid lines in Figure 10 shows the potential gains from
developing the composite film and manufacturing process toward the

attainment of K = 1. The differences in rW between rt = 6.85

and lower values of r, are the potential gains from developing

films and manufacturing processes whereby more effective mixture
ratios could be produced.

It is also noted from Equation (10) and Figure 1l that rW

is minimized at wvalues of rt othexr than =zero for certain com-

binations of n, Ly and rD. Specifically,

n(l—rD) - (l—rE)

t = (11)
opt ry (1 rE) noxr, (1 rD)
provided re is not negative. For these optimum values of the
mixture ratio, n-1
r - r n
i < 2 1 E)
W = (12)

min (l—rE) (l—rD)

To demonstrate further the potential efficiency of layered
boron-polyimide composites, consider the ratio of their weights
to those of beryllium, magnesium, and aluminum, each designed to
perform the same structural function. Table VI gives a set of
these ratios for the case n = 2 and for three different wvalues
of rt.

TABLE VI - WEIGHT RATIOS FOR n = 2

b " W W
t W W W
Be Mg AL
6.85 2.03 0.726 0.626
3 1.63 0.625 0.505

1 1.405 0.540 0.435

22
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These ratios were determined from an expression similar to
Equation (9) except that the above metal properties were substi-
tuted for those of the hypothetical solid boron. The composite
propert.ies used in evaluating the ratios were the average values
for Specimens 1 and 3. The first value of r. in Table VI was

the average for the two specimens, but the other two values of

r, are hypothetical. The weight ratios listed in Table VI clearly

demonstrate the advantage of this type of layered composite over
magnesium and aluminum; beryllium, however, is still theoretically
the lighter structure.

As a final and very significant demonstration of the struc-
tural efficiency potentials of boron-polyimide film composites,
consider the basic advantage that a film composite derives from
its biaxial stiffness. Reference 6 shows that for axially com-—
pressed cylinders of sandwich construction with the facings made
of filament composites, the filament orientations should be so
dispersed that the resulting composite facings have isotropic
stiffness in their plane. This type of dispersion will produce a
minimum-weight sandwich cylinder for designs governed by elastic
stability regquirements.

Now, to achieve this inplane isotropy with filaments, the
value of K is effectively 0.375. For example, isotropy is
achieved by distributing one third of the filaments in each of
three directions 0 and *60° from the loading direction. This
value of K is based on all filaments developing their full poten-
tial modulus in their axial directions. Figure 12 is a comparison
of the weight ratio of this type of boron-filament construction
with the boron-laminate type of construction. The comparisons
are based on Equation (10) with n = 2 and rD = 0.5. The weight

in each case is normalized with respect to the weight of sandwich
structure with hypothetical, solid-boron facings to perform the
same structural function. The comparison made in Figure 12
clearly demonstrates the advantage of the present boron-polyimide
film due to its inherent biaxial stiffness. The differences be-
tween the weights for filament and film composites shown in Fig-
ure 12 would be even greater if the full potential for the film's
modulus, K = 1, were used in the comparison.

In cases where only unidirectional properties affect stability,

the theoretical potential for film composites is the same as that
for filament composites when each has the same mixture ratio.

23
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Compressed Composites




CONCLUSIONS AND RECOMMENDATIONS

1. This study has demonstrated that boron-polyimide compo-
sites are practical to fabricate and have excellent potential for
high structural efficiency when elastic stability requirements
govern their design.

2. The effective Young's modulus developed by the boron
layers (47 x 10% psi) appeared to be somewhat deficient. This
may be attributable either to deleterious effects of initial wavi-
ness in the boron layers, or the basic properties of the deposited
boron may be deficient due to its crystallography.

3. The specimens also showed a rather low compressive strength
which appeared to be the result of initial waviness and subsequent
delamination under load. If initial waviness proves to have been
the cause of low compressive strength, it can probably be remedied
by development of better fabrication processes.

4. Higher levels of structural efficiency than have been
demonstrated by the specimens of this program can be attained by
increasing the proportions of boron present.

5. Other layered composites of low-density matrices and high-

modulus structural materials should be evaluated for their weight-
saving potential and fabricability.
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APPENDIX

DERIVATION OF EFFECTIVE MODULUS OF BORON STRATA

Schematics of the layered boron-polimide-epoxy composites in
their symmetric and antisymmetric modes of initial imperfection
are shown in Figure 7a and 7b. In each case, it is assumed that
the polyimide-epoxy layers are one homogeneous, constant thickness

matrix, tM. The boron layer is also of constant thickness tB.

The Young's modulus of the boron is EB and that of the matrix is

EM. The shearing modulus of the matrix is GM. In each case a

plane strain distribution and an initial imperfection, Yo given

by the following equation are assumed to exist:

y = A sin %? (al)

Also, in each case the layers are assumed to deflect by the amount
yj under application of the end load:

y, = B sin l}? (A2)

In the symmetric case, the initial imperfections of the adjacent
boron layers are assumed to be 1 radians out of phase and to re-
tain that phase angle under end load. Similarly, in the anti-
symmetric case deflections of the adjacent layers are assumed to
be initially inphase and remain so.

Symmetric Case:

It is assumed that effects of shearing in the matrix can
be neglected because wavelengths of initial imperfections will be
much greater than the matrix thickness. The matrix then becomes
a Winkler foundation of stiffness 4EM/[tM (l—VMZ)] per unit width

and length of the boron layers. This stiffness resists amplifica-
tion of the initial imperfection mode. The differential equation
of equilibrium is then

n n " =
MB + NB (yO + Y, ) kMyl (A3)
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where

MB = DB yl (A4)
and primes denote differentiation with respect to x.
EBt3B
DB == 5 (a5)
12(1-v )
= t
NB OBB (A6)
4EM
k =——70 (a7)
Mooe (1-v2)
M Y M

By substituting MB' Y and yl as given above into Equation (A3),

the following relationship between amplitudes A and B is obtained

Np (&)2
D ™
B _ B (A8)
A N 2 K 4
l__B(A) N _M(A)
D i D i
B B

The critical value of NB is that which causes B to increase
indefinitely;

2
N = p_ (= +k(—>\> (29)
B B \A M \T
Minimization of NB with respect to A gives

1
4
DB
A =T (i=- (A10)
w k
M
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N
CR

B = ?“/kMDB' : : : (a11l)

This .critical buckling load is the same as that given in Reference 2
and is referred to here as the wrinkling mode; hence the w sub-
script on A above. The following definition is used for the end
load ratio: y : '

- Ny e %
% T N - N - (312)
Ber Ccr Cer

By combining Equations (A8), (Al0O), (All), and (Al2), the ampli--
tude B is expressed in the following form

B ~
A 4 2 (A13)

@] w @)

Now, the increment of end shortening per wavelength that re-
sults from deflecting the layers from amplitude A to A + B is that
for deflecting it from zero to A + B less than for deflecting it
from zero to A;

_ - 4
8 52 + B 85 (A14)

1T2A2
2 T T (A15)
and
Tr2 2
6B + A = (& + B) (Ale6)
Therefore,
2_2
T A B B -
5 = an N (2 +.A> (Al17)
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By substituting Equation (Al3) for B/A in this expression for 3§,

1+ ("—) - q ()‘—)
% (;—)2 | A 4 - XW 2 2 (a18)
3 (0) -a (0)

The total displacement of the end of a boron layer is then
that due to axial shortening plus §. By defining EB as an

N =

effective modulus that accounts for both these contributions, the
following relations are obtained

6T = 6AXIAL + 8 (A19)
ox
N_XA N_A
B B
= 4+ 8 (A20)
tﬁEﬁ tBEB .

By combining Equations (Al8), (A20), and the foregoing definitions,
the ratio Eﬁ/EB is obtained as follows:

E
B 1
= (A21)
4 2
g

e g () (- w) 2

oy
“w(x
w

—n

11
2 T 320
w

——

From the above work, X/Kw can be expressed as

I\

2
(1 - Vg ) EM
2 E

A
W B (l-\)M) B

(A22)

zﬁ|wﬁ

A 2
t ™ 3
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For a composite having properties equal to the averages of those
for Specimens 1 and 3

A 0.1542 A (A23)
A t
w B
where tB = 0.16 mils, tM = 1.10 mils, EM = 0.5 x lO6 psi,
6 .
EB = 60 x 10 psi, vg = 1/4, and Vi = 1/3.

It is noted that the maximum tensile stress which develops
on the matrix-boron interface during loading is

g = 1 ST ] (A24)
M 1 -y 2 tM

Equation (Al13) is used to determine B in this formula for GM.
When X/X is given by Equation (A23), Oy is

5 A A T2
0 = 3.27 x 107 o — [(0.1542 —) +
M w t t
B B
(A25)
X 2 -1
{(0.1542 E—) - 2 o,

B

Antisymmetric Case:

In this case the matrix is subjected to shearing strain when
y, occurs. That shearing strain is

tB
YM = <l + _t;> Yy (A26)

The shearing stresses will be constant through the thickness;:

T = G_ Y (A27)

The differential element shown in Figure 13 is of thickness tB +

tM’
stresses act on each side of the repeating element, but in opposite

the repeating element of the composite. The above shearing
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directions. For equilibrium, the forces on the differential
element in Figure 13 must satisfy the following equations:

' - G —- =
ML v (Eg + 8) v, =V 0 (A28)

and

V' o+ Ny" o= 0 © (A29)

Therefore, the above two equations along with Equation (A26) com-~
bine as

t
1" n ”" - _B " =
MB + NB (yo + yl) GMtM <l + > vy 0 (A30)

By substituting in Equation (A30) the expressions for MB' Y and

yl as defined above, the following relationship between B and A is
obtained:

N
B — B
A 2 2

t
i) . B _
DB(X) + GM%M é_+ tM) NB (A31)

The critical wvalue of NB is that which causes B to increase in-

definitely. Therefore, when minimized with respect to wavelength,
N tB :

= G + — A32

BCR MtM 1 Hﬂ (A3 )

for A = ». From the rule of mixtures,

N = (A33)

Therefore,
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N 5 Yy By
Cor = Snfw (17 _E—> L+ T (A34)
M B B

This result differs from that of Reference 2 for NC by the
tM EM CR

factor 1 + T E because the strain energy in compression of
B B

the matrix during buckling was neglected in that work.

By using the definition as = NC/lmaﬂy Equation (A31l) becomes

B.—-
= (A35)

This expression for A/B can now be substituted in Equation (Al7)
to determine § and the result can be substituted into Equation
(A20) to obtain the following expression for E /E :

Bl "B°
E
3 _ 1 (A36)
E E_ t
B 1+ =2 2 4
G t s
M M
where
2 2 D 2
m A 1 4+ B i1
2 G t t
2\ M M x<1 . _B>
ty
b = L 2 S 2 2 (A37)
B B i
<l * tM) o Gyt s "%
Py é.+ E_
M
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When ag = 0, and its terms are rearranged, ms becomes ® and is

x? ay?
=* (&)
B
% =T 2 L (2 2 2t (38)
(X ) é_+ B> + i B B
t
B tM 12 (l—\)Bz) GM tM

The maximum shearing stress that develops in the matrix dur-
ing loading is

t
B T
™ = O <l+t>(>\) s (239
M
By substituting from Equation (A35) for B, T becomes
B A B
G + = )
M <} > tB)( A ) “s
!T‘ =
t

t E t
B T B B 2 B
1= oy +(k) 12 ot vy ) (l + tM>

o
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